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Interleukin 1-a and tumor necrosis factor-a induce oxygen radical
production in mesangial cells. Adherent human mesangial cells (HMC)
were unable to phagocytose serum-treated zymosan (STZ), neverthe-
less this stimulus (1 mg/mI) induced a marked immediate increase of
H202 and 02 release at a rate of 3.15 0.35 and 3.40 0.12 nmol/106
HMC/hr, respectively. Zymosan alone resulted in no release of either
H202 or 02. Phorbol myristate acetate (PMA, 2 x 106 M) had only
marginal effects on HMC leading to the generation of 0.273 0.014
nmol 02_/106 HMC/hr. After a lag period, human recombinant tumor
necrosis factor-a (TNF-a) and human recombinant interleukin 1-a
(IL-la) both induced significant 02 production measured as SOD
inhibitable reduction of cytochrome c, 5 x iO M, by adherent HMC
for up to five hours, the maximum rates being 3.04 0.08 and 3.2 0.08
nmol/l06 HMC/hr for IL-la and TNF-a, respectively. Significant 02
release was detectable at 0.625 ng/ml (37 pM) IL-la or 1 ng/ml (59 pM)
TNF-a (P < 0.05). Catalase inhibitable H202 production was also
induced by IL-la and TNF-a in a dose dependent manner. Using
scopoletin (40 nM) and I si peroxidase we fluorimetrically measured
1.73 0.14 and 1.49 0.19 nmol H2O2/106 HMC/hr induced by IL-la
(25 nglml) and TNF-a (20 ng/ml). Finally, we ascertained the type of
radical species produced by HMC stimulated by cytokines employing
ESR-spin-trapping with DMPO. These results demonstrated that 02
was the primary radical species formed. We have thus established for
the first time that HMC are able to generate significant oxygen radicals
in response to IL-la and TNF-a, in amounts comparable to that
produced by monocytes. These findings may be relevant to the patho-
genesis of human glomerulonephritis.
There is increasing evidence that intrinsic [1] kidney mesan-
gial cells (MC) may be involved in both acute and chronic renal
disease. Examination of patients with glomerulonephritis have
demonstrated the occurrence of mesangial alterations including
proliferation, expanded matrix production and deposition of
complement and immune complexes in the mesangium [re-
viewed in 2]. In vitro experiments confirm the pro-inflammatory
capacity of the cell type and have shown that MC respond to
numerous agents including endotoxin [3], complement factors
[4, 5], immune complexes [6], platelet-derived growth factor
[7], platelet activating factor [8], epidermal growth factor [7],
and interleukin 1 [9, 10]. In common with macrophages these
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cells also secrete prostaglandins [8—10], interleukin 1 [11, 12], a
neutral proteinase [13], reactive oxygen metabolites [5, 6, 14]
and tumor necrosis factor-a [3].
In vivo models of acute nephritis have provided evidence that
reactive oxygen species derived from infiltrating neutrophils or
macrophages may be involved in the morphological alterations
of glomeruli (including endothelial cell swelling, foot process
regression of epithelial cells and basement membrane thicken-
ing [15]) with the subsequent development of proteinuria [15—
17], since these pathological changes could be abolished by
infusion of hydrogen peroxide inhibitors. In chronic forms of
human glomerulonephritis the prominent cell type infiltrating
the glomeruli is of monocyte/macrophage origin [18, 19], al-
though the absence of cellular infiltrate at some stages of the
disease [20] suggest that the intrinsic cells may be involved in
the progression of glomerular damage. It has been recently
confirmed that interleukin la (IL-la) is present in inflamed
glomeruli [12]. This cytokine as well as tumor necrosis factor-
alpha (TN F-a) exhibits a wide range of biological and immuno-
logical activities [reviewed in 21, 22], including the ability to
induce oxygen radical production in neutrophils and macro-
phages [23—26]. These radical species are produced in large
quantities by monocytes and also by rat MC [25].
These observations led us to study the effects of TNF-a and
IL-i a on the ability of human mesangial cells (HMC) to
generate oxygen radicals. Our data indicate that these cells
produce significant amounts of superoxide anion (02) and
hydrogen peroxide (H202) comparable to the levels produced
by activated macrophages. These findings suggest that intrinsic
HMC oxygen radical production might contribute significantly
to the development of glomerular damage in human glomerulo-
nephritis.
Methods
Materials
The sources of the antisera for immunohistological charac-
terization of HMC were: Myosin (rabbit anti-chicken), from
Prof. R.B. Sterzel, (Erlangen, FRG); fibronectin (MoAb anti-
human), vimentin (MoAb anti-human), desmin (MoAb anti-
human) and collagen type IV (MoAb anti-human) from ICN
(Eschwege, FRG); cytokeratin (MoAb, anti-cytokeratin pan)
from Boehringer (Mannheim, FRG); factor VIII (rabbit anti-
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Fig. 1. Oxygen radical dependent reduction of NBT to
insoluble formazan by HMC. HMC stimulated with STZ(I mg/mI) for 2.5 hours in PGB containing i0 M
nitroblue tetrazolium dye at 37°C.
human FITC conjugate) supplied by Dr. F. Drenk, Department
of Clinical Immunology (Medical School Hannover, FRG).
MHC I and MHC II antisera (MoAb, hybridoma supernatants)
were from Dr. M. Hadam, Department of Pediatric Surgery
(Medical School Hannover, FRG). Human recombinant tumor
necrosis factor alpha, 108 U/mg, (TNF-a) was supplied by
Bissendorf Peptides (Wedemark, FRG). Human recombinant
interleukin 1 alpha, 2 x iO U/mg, (IL-la) was from Dainippon,
Tokyo, Japan. Endotoxin contamination of the recombinant
material was below 50 pg/mg protein as assessed in limulus
lysate assay (Kabi Vitrum, Stockholm, Sweden).
Nitroblue tetrazolium dye (NBT) and scopoletin were from
Serva (Heidelberg, FRG). Phorbol 12-myristate 13-acetate
(PMA), peroxidase type III, cytochrome c type III, zymosan A,
lot.no. 86F-0666, xanthinoxidase from milk, grade IV and
catalase were all obtained from Sigma (Deisenhofen, FRG).
Superoxide dismutase was from GrUnenthal AG., (Aachen,
FRG). 5,5-Dimethyl-l-pyrrolidine-N-oxide (DMPO) was ob-
tained from Jansen, Federal Republic of Germany.
Mesangial cell culture
Human glomerular mesangial cells were prepared on the
basis of the well established and documented method for rat and
mouse mesangial cells with minor modifications [9].
Preparation. Macroscopically healthy, cortical tissue from
kidneys with encapsuled renal cell carcinoma of the upper pole
was obtained from patients, who had previously given their
informed consent. The renal capsule and medulla was removed,
and the cortex cut into slices and rinsed again twice to remove
contaminating blood. The material was sequentially pushed
through 425 m and 180 tm stainless steel sieves. The glomer-
uli separate from tubuli and bowman capsules were recovered
in a sieve with a 125 m mesh-screen and washed. By this
procedure we obtained pure (99%, microscopically), unencap-
suled glomeruli free of tubular contamination. These steps were
followed by a digestion with collagenase (1 mg/mI, type CLS4,
184 U/mg, Worthington Biochemical Corp., Freehold, New
Jersey, USA) for 30 minutes at 37°C, shaking the mixture every
Table 1. Oxygen radical release of 106 HMC
Oxygen radical species
H2O2Stimulus
Control
STZ
PMA
IL- 1 a
TNF-a
Mean SD of H202 (N = 9) and O2 (N = 6) release of 106 HMC in
nmol/60 mm were determined at the following concentrations of the
respective stimuli: STZ (1 mglml), PMA (2 x 10—6 M), IL-la (12.5
ng/ml) and TNF-a (20 ng/mI).
a Significant difference compared to controls with P < 0.05 using
Wilcoxon signed rank test. (ND = not done)
five minutes. After two washing cycles the digested glomeruli
were seeded in 80 cm2 plastic culture flasks (Nunc) in a low
volume of culture medium with 20% FCS to permit adherence.
These conditions resulted in a predominantly mesangial out-
growth starting at days 4 to 8. Cells not resembling the typical
growth in interwoven bundles were scraped off and removed
together with the glomerular debris by gentle washing with
fresh medium. Cells were then grown to confluency and
switched to 10% FCS culture medium between the second and
third passage.
Culture conditions
Culture medium (CM) for proliferating HMC consisted of
RPMI 1640, non-essential amino acids (1 mlldl), glutamine (2
mM), sodium pyruvate (2 mM), penicillin/streptomycin (100
U/ml/lOO g/ml), heat-inactivated fetal calf serum (10%) all
from Gibco BRL (Eggenstein, FRG) and transferrin (human, 5
g/ml), insulin (bovine, 125 U/ml) from Sigma. For subculture,
confluent HMC were washed with PBS and treated with a thin
film of trypsinlEDTA solution (0.125%, wt/vol; 0.01%, wt/vol;
Gibco) for two minutes. Cells were washed twice in CM and
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Fig. 2. Oxygen radical-dependent reduction of NBT to
insoluble formazan by HMC. Same conditions as in
Figure 1, but HMC were stimulated with TNF-s (20 ngl
ml). A comparable pattern of formazan particles was
obtained by IL-Ia (25 nglml) treatment (not shown).
split 1:2 to 1:4 in new flasks. For this study the cells were used
between the 10th and 20th passages.
Characterization
Morphologically uniform cultures of stellate mesangial cells
were used for characterization between the 5th and 20th pas-
sage. Light microscopic evaluation showed one layer of this cell
type, with cell-cell contacts at discreet cell regions, in a three
dimensional fashion, resembling a net-like structure. Intercel-
lular junctions were starting points for intracellular fibers,
which by indirect immunofluorescence stained positively for
myosin. In aging HMC cultures extracellular matrix and "hill-
ocks" [28] were visible by light microscopy. There was no
morphological evidence of the presence of macrophages, endo-
thelial- or epithelial-like cells or fibroblasts. However, to con-
firm the presence of exclusively intrinsic mesangial cells of
mesodermal origin we performed a series of biochemical,
immunocytochemical and functional tests. Briefly, these cells
were resistent to puromycin treatment (10 g!ml, 24 hr), sensi-
tive to mitomycin (10 gIm1, 24 hr) and stained positively by
indirect immunofluorescence technique for smooth muscle my-
osin, desmin, fibronectin, vimentin, MHC I antigen and at
confluency for extracellular deposits of collagen type IV, neg-
ative for MHC II antigen, factor VIII and cytokeratin.
Nitroblue tetrazolium (NBT) reduction
HMC (2.5 X i05 cells! 4 ml) were seeded into autoclaved glass
cuvettes. To allow adhesion of HMC to the cuvette walls, the
cuvettes were incubated at 37°C lying on two corresponding
sides for 60 minutes, respectively. The cells were then washed
in CM to remove non-adherent cells and further incubated
overnight in an upright position. Using this procedure a con-
fluent monolayer of well spread cells adherent to the cuvette
walls was obtained. For photographic documentation of the
02 generation, CM was removed, the cells washed and a
phosphate-glucose buffer (PGB), which contained 0.05 M potas-
sium phosphate, pH 7.2, supplemented with 0.89% sodium
chloride, 0.6 m calcium carbonate, 1 m magnesium sulfate
0 30 60 90 120 150
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Fig. 3. Comparison of catalase inhibizable hydrogen peroxide release
ofHMC. Stimulation by STZ (—U-, 1 mg/mI), zymosan (-8-, 1 mg/mI),
IL-la ( -+- , 25 ng/ml) and TNF-a (* ,20 ng/ml) in PGB containing 40 nM
scopoletin and I sM peroxidase. Representative curves of six experi-
ments were shown. Basal H202 production of HMC was below detec-
tion limit of the assay.
and 10 m glucose, was added. The cuvettes were incubated
with l0 M nitroblue tetrazolium at 37°C for the respective
times and the formation of insoluble blue formazan [29] was
documented on a Kodak Ektachrome 160 film with an Olympus
OM-2 camera of an Olympus IMT-2 inverted research micro-
scope.
Hydrogen peroxide (1-1202) determination
HMC were allowed to adhere to all four sides of fluorescence
quartz cuvettes as described previously, amounting to a total
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cell number of 2 to 5 x iO per cuvette (4 ml). The cuvettes were
then washed twice with PGB and subsequently the following
reagents added to the test buffer: 40 nM scopoletin, 1 LM
peroxidase and additionally the various stimuli. H202 was
determined fluorimetrically at 25°C [301 in a Kontron photo-
meter with an excitation wavelength of 381 nm and an emission
wavelength of 436 nm. The detection of stimuli induced H202
could be completely abolished by the addition of l0_6 M
catalase to the assay mixture. The absolute concentrations were
standardized to fixed amounts of hydrogen peroxide in PGB.
The detection limit of the assay was 5.5 X lO M H202. Cell
number and viability was estimated by trypan blue exclusion
immediately after the different stimulation tests. At this time the
cells remained attached and the viability of the cells was never
less than 95%.
Superoxide anion (02) determination
Following the overnight cultivation of HMC in cuvettes the
cells were washed twice in PGB and stimulation experiments
Fig. 4. A. HMC stimulated with increasing
IL-Ia concentrations. Same assay conditions
as in Figure 3. Dose response curve 60 mm
after the onset of measurable H202
production. Mean SD (N = 6), P < 0.05
versus unstimulated control for IL-Ia
concentrations above 1.25 ng/ml. Insert: Time
and concentration dependency of IL-I a
induced H202 production by HMC. B. Dose
dependent effect of TNF-a on H202
production by HMC 60 mm post-induction.
Same assay conditions as in Figure 3. Mean
SD of six separate experiments. Significant (P
<0.05) stimulation above 2,5 nglml TNF-a.
Insert: Time and concentration dependency of
TNF-a stimulated H,02 release by HMC.
were performed directly in PUB containing the various stimuli
at 37°C. Superoxide dismutase inhibitable 02 radical forma-
tion was determined by the reduction of ferricytochrome C, 5 X
l0 M, at 550 nm in a Kontron photometer [31]. The sensitivity
of the system allowed the measurement down to 6 X 10.h1 M
02.
Conditions for electron spin resonance (ESR) measurement
Oxygen radical formation was additionally measured by
ESR-spin-trapping with DMPO. DMPO was purified by filtra-
tion through charcoal [32]. The experiments were carried out in
a flat cell of 200 pJ at room temperature with an X-band cavity
(Bruker-Analytic B-ER 420, Karlsruhe, FRG). The cells were
cultured in macrowells, washed twice with the test buffer
including 50 mst DMPO and the appropriate stimulant added.
The cells were incubated at room temperature for 15 minutes
(STZ) or one hour (cytokines) with the test solutions, scraped
and transferred to the flat cell and the spectra recorded.
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Control ESR curves. The xanthine/xanthine oxidase system
used for the 02 generation contained: 5 x i0 M xanthine, I
l xanthine oxidase, 50 mrt DMPO in 0.05 M potassium
phosphate buffer, pH 7.4. The Fe2 (EDTA)/H202 system for
generation of OH. radicals contained: 0.3 mM Fe2 (EDTA),
0.3 mM H202 in 0.05 M potassium phosphate buffer, pH 7.4.
Statistics
The results throughout the text and in Figures 4 and 6 are
given as mean standard deviation (SD) of six separate
experiments. The time dependent curves shown are repre-
sentative for continuously recorded extinction curves of four to
nine separate experiments (Fig. 4 and 6, inserts). To ascertain
significance at a level of P < 0.05 for STZ, PMA, IL-la and
TNF-a induced release of excited oxygen species we employed
the Wilcoxon signed rank test (Table 1).
Results
NBT reduction
Conventionally the induction of oxygen release can be stim-
ulated by a phagocytotic challenge leading to a so-called "oxi-
dative burst". In our system using adherent HMC and FITC-
conjugated STZ, although we were able to demonstrate attach-
ment of particles, we never observed ingestion of opsonized
particles even when HMC were pretreated with human recom-
binant interferon-gamma (data not shown). Subsequentially,
when HMC were stimulated with 1 mg/mI STZ, insoluble blue
formazan became visible on the cell surface (Fig. 1). HMC
incubated with tO M NBT in PGB or with zymosan alone did
not reduce NBT over the whole time course measured (5 hrs).
Incubation of HMC with either IL-l a (not shown) or TNF-a
(Fig. 2; 2.5 hours at 37°C, respectively), however, were equally
effective at inducing reduction of NBT. Both cytokines were
used at optimal concentrations, which had been previously
determined in the cytochrome c assay (IL-l a 25 ng/ml, TNF-a,
20 nglml). The viability of the cells treated with either IL- 1 a or
TNF-a was not significantly reduced even after five hours in the
PGB system.
Effects of cytokines on H202 production
In a first series of experiments we tested the time course of
catalase (l06 M) inhibitable H207 release in HMC induced by
maximal doses of 1 mg/mI STZ, 25 nglml IL-la and 20 ng/ml
TNF-a (Fig. 3). After removal of CM and two washing cycles
with PGB, warm PGB containing the different activators was
added and the H202 liberation was determined fluorimetrically
using scopoletin and peroxidase reagents. The basal H202
production of HMC incubated with PGB or with zymosan was
below the detection limit of our assay system for incubation
periods up to five hours. The respective peaks of H202 release
induced by active stimuli were not significantly different, but by
comparison the response to STZ was more rapid in onset than
IL-la and TNF-a in six separate experiments. STZ induced
H202 became measurable immediately after the addition of the
stimuli, whereas IL- 1 a stimulated release commenced after a 20
minute lag phase and TNF-a stimulatory effects were not
observed until 35 minutes after the addition of this stimulus. At
1 mg/mI STZ caused a continuous production of 3.15 0.35
nmol H202/106 HMC/hr (Table 1). Throughout the experimental
Time, minutes
Fig. 5. Comparison of °2 production by HMC induced by the follow-
ing stimuli in PGB containing 5 X io- Mferricytochrome C:STZ (—R-,I mg/mI), PMA (-8-, 2 x 10—6 M), IL-Ia (—I— , 5 ng/,nl) and TNF-a (*,
5 ng/ml). SOD inhibitable reduction was measured at 555 nm in a
Kontron photometer. HMC incubated in PGB alone induced no mea-
surable cytochrome C reduction.
series we used HMC between the 10th and 20th passage without
observing any detectable change in the pattern of the produc-
tion or the absolute amounts of H207 and O2 induced by
identical stimulation.
Time and concentration dependency
The cumulative catalase inhibitable production of H2O2 by
HMC stimulated with IL-la was time (Fig. 4A, insert) and dose
dependent (Fig. 4A). At the highest IL-la dose tested (25 ng/ml)
maximal H202 production was 1.73 0.14 nmol H202/106
HMC/hr (Table 1). Examination of the amount of H202 pro-
duced 60 minutes after the onset of release (Fig. 4A) determined
a dose dependency with significant production induced by 1.25
ng/ml (corresponding to 73.5 pM) IL-la (P < 0.05), which
reached a plateau of release at concentrations above 12.5 ng/ml.
TNF-a also stimulated the release of H202 in a time (Fig. 4B,
insert) and dose dependent manner (Fig. 4B). Although mar-
ginal amounts could be detected after 35 minutes, a significant
rise in the production was always preceded by a lag phase of 60
minutes irrespective of the dose of TN F-a (Fig. 4B, insert). At
the highest concentration tested (20 ng/ml) HMC released 1.49
0.19 nmol H2O2/106 HMC/hr (Table 1). This was 25-fold
above the detection limit of our assay system. At 60 minutes
post-induction 2.5 ng/ml (147 pM) TNF-a led to a significant
increase of the production (p < 0.05), a plateau was reached
above 10 ng/ml TNF-a (Fig. 4B).
Effects of cytokines on 02 release
The induction of 02 release by HMC in response to STZ,
PMA, IL-la and TNF-a (Fig. 5) revealed, that as with H2O2
STZ induced an immediate onset of radical production. At the
cytokine doses tested (5 ng/ml of IL-la and TNF-a, respec-
tively) significant 02 generation was not detectable earlier
6
0
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Fig. 6. A. Dose dependent effect of iL-la on
HMC 02 release at 180 mm. Assay
conditions as in Figure 5. Mean SD of six
separate experiments, P < 0.05 above 0.625
ng/mI (37 pM) IL-Ia versus unstimulated
HMC. Insert: Time and concentration
dependency of IL-la induced O, production
by HMC, B. TNF-a dose dependent 02
production by HMC 180 mm after stimulation.
The assay conditions are described in Figure
6. Mean SD of six separate experiments
with P < 0.05 at TNF-a concentrations above
I ng/ml (58.8 pM). Insert: Time and
concentration dependency of HMC 02
production stimulated by TNF-a.
than 50 minutes after stimulation. PMA (2 x 10 M), an
activator of protein kinase C, exhibited only low 02 generating
capacity in HMC, with an onset of measurable production after
80 minutes, reaching a level of 700 33 pmoi/106 HMC after
240 minutes (P < 0.05). The maximum rates of 02 release
were 3.40 0.12 nmol/106 HMC/hr and 0.273 0.014 nmolIiO6
HMC/hr for STZ (1 mg/mi) and PMA (2 x iO_6 M), respectively
(Table 1).
Time and concentration dependency
IL-la induced a time (Fig. 6A, insert) and dose dependent
increase of 02 generation (Fig. 6A). Unstimulated 02 pro-
duction was not detectable in this assay system. Significant
plateau release of 02 was measurable with all IL-i a concen-
trations tested, however, the time taken to reach significant
release point was stimulus concentration dependent. The rate of
IL-la (25 ng/ml) induced 0, release was 3.04 0.08 nmolJlO6
HMC/hr (Table 1). As shown for the H202 release the pattern of
reactive oxygen production was not "burst-like", but rose
continuously for a period up to five hours (data not shown). The
dose response curve at 180 minutes demonstrated a significant
accumulation of 02 induced by 0.625 ng/ml (37 pM) IL-i a (P <
0.05), reaching a plateau at 12.5 ng/ml (Fig. 6A).
TNF-a stimulation of HMC resulted in significant 02 re-
lease in a time (Fig. 6B, insert) and dose dependent manner
(Fig. 6B). As with IL-ia stimulation, the higher the TNF-a
concentration the earlier detection of reducing capacity (Fig.
6B, insert). When HMC were incubated with 20 nglml TNF-a,
02 became measurable after 35 4 mm, whereas reactive
oxygen species were not detectable before 80 minutes of
incubation with 1 ng/ml TNF-cs. The maximal rate of O2
accumulation in 60 minutes was 3.2 0.08 nmol/106 HMC after
a stimulation with 20 ng/ml TNF-a (Table I). The dose response
curve measured 180 minutes post-stimulation demonstrated
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Figure 7. Electron spin resonance (ESR) curves of HMC stimulated
with STZ (1 mg/mI), IL-Ia (12.5 ng/ml) and TNF-a (20 ng/ml) using the
spin-trap agent DMFO (the pre-incubation times before addition of
DMPO being 15 mm for STZ and 60 mm for both IL-Ia and TNF-a).
The curves were recorded under following conditions: amplitude 100
kHz; field modulation 0.05 mT; microwave power 150 mW; receiver
gain I x 106 (respectively 4 x i0 in the xanthine/xanthine oxidase and
Fe2 (EDTA)/H202 system); recording time 2000 seconds with a
response time of 0,5 seconds; field center 0.342 T; sweep width 0.05 T.
Only 0.01 T around the center (0.342) were recorded. The magnetic field
was measured with a nuclear magnetic resonance oscillator. Control
spectra were obtained as described in Methods. The values for the
hyperfine splitting constants for the DMPO-OH adduct (. OH) were: g
= 2.0047; a = 1.474 mT, a = 1.463 mT; for the DMPO-OOH adduct(.02): g = 2.0050; a = 1.385 mT, aHe = 1.130 mT.
that 1 ng/ml (58.8 pM) TNF-a led to a significant increase of 02
release (P < 0.05) and a plateau in the response to TNF-a
occurred at concentrations above 5 ng/ml (Fig. 6B).
Determination of radical species by ESR spin-trapping
To confirm the formation of oxygen radicals by an additional
method we performed ESR spin-trapping experiments using the
DMPO reagent (Fig. 7). First we established typical control
spectra for DMPO-adducts of 02 and . OH radicals by
generating these compounds in cell-free systems (Methods).
Subsequently spectra of HMC stimulated with STZ (1 mg/mi, 15
mm pre-incubation time), with IL-i a (12.5 ng/mi) or TNF-a (20
ng/ml; both 60 mm pre-incubation time) were recorded. We
demonstrated that all three stimuli led to the formation of O,
in HMC, confirming this by the addition of SOD, which
completely abolished the occurrence of spectra of both the
-OOH, and -OH adduct.
Discussion
In this investigation we used HMC to illucidate their respon-
siveness to cytokines with resulting potentially injurious, reac-
tive oxygen radical production.
Although HMC did not incorporate STZ, they produced
significant amounts of reactive oxygen species. This was con-
firmed in four different test systems: NBT reduction, H202 and
O2 assays, and ESR spin-trapping. The mechanism of activa-
siz tion seemed to be both complement and immunoglobin depen-
dent since non-opsonized zymosan had no activity in this
system. In agreement with studies using complement [51 orIL-1 immune complexes [61 to stimulate 02 release in rat mesangial
cells, the shape of the resulting curves did not resemble the
TNF-a typical "oxidative burst" of neutrophils, which occurs follow-
ing a phagocytotic challenge [33]. The release induced by STZ
increased continuously, reaching a level comparable to neutro-
phils treated with IgG coated sheep erythrocytes [34] or mono-
cytes and synovial macrophages stimulated with PMA [35]. As
I OH
has been previously (Table 2) demonstrated both IL-la and
on ro S. TNF-a are capable of stimulating oxygen radical release from
neutrophils [23—25, 361 and alveolar macrophages [261. The
findings of the present study demonstrate that both IL- 1 a and
02 TNF-a caused a significant production of O2 by HMC, which
is in the range of that induced by STZ. The cytokine stimulation
of 02 generation in HMC is comparable to that stimulated in
neutrophils (Table 2). In our system the protein kinase C
activator PMA, which is the most potent activator of the
respiratory burst in human PMN [33], exhibited only weak
stimulatory capacity for HMC radical production. These data
support the increasing evidence for a second, protein kinase
C-independent pathway leading to oxygen radical release [27,
37].
In human forms of glomerulonephritis monocyte infiltration is
a variable feature in the chronic stage of the disease [20]. While
a type of immunecomplex nephritis (IgG-IgM cryoglobulin-
emia) constantly shows esterase-positive cells, the glomeruli of
patients with systemic lupus erythematosus and membrane
proliferative glomerulonephritis were negative. In contrast, it
has been demonstrated in animal models that in acute glomer-
ulonephritis macrophages or monocytes contribute significantly
to the observed hypercellularity [38]. These cells are the major
source of the two cytokines we employed to activate HMC. The
role of IL- 1 a in the stimulation of rat [9] and human [10]
mesangial cell prostanoid secretion has been previously de-
scribed. Moreover, IL-i mRNA is expressed in a cell cycle-
dependent manner in HMC [7] and as has been recently
demonstrated in glomeruli during glomerulonephritis [12], rais-
ing the possibility that these cells under certain conditions could
contribute to the presence of IL-i in the glomerulus. TNF-a, a
primary monocyte/macrophage product, has recently been
shown to be produced by rat mesangial cells stimulated with
endotoxin [3], and thus the possibility exists that TNF-a may
also be expressed in inflamed glomeruli.
Our experiments revealed that both cytokines alone were
capable of activating HMC reactive oxygen generation. The
induction of H202 and O2 was dose and time dependent and
the release continued for up to five hours (data not shown).
Calculation of the molar amounts exhibiting activity showed
values in the picomolar range. IL- 1 a caused a significant 02
release at concentrations above 0.625 ng/ml (37 pM), and the
lowest TNF-a concentration leading to significant O2 produc-
tion was 1 ng/ml, equivalent to 59 pM. These concentrations are
consistent with investigation of the effect of TNF-a and IL-la
on neutrophils [23, 25] or rat macrophages [26].
The pathophysiological consequence of reactive oxygen gen-
eration in the kidney has been investigated in a number of
1 mT
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Table 2. Comparison of HMC oxygen radical release to other cell types
Cell type Stimulus
02—a H202a
Referencenmol/106 cells/hr
PMN
PMN
PMN
PMN
Monocytes
Rat macrophages
(alveolar)
Monocytes
Synov. macrophages
Rat MC
HMC
IgG sRBC
+ PMA (15 ng/ml)
PMA (100 ng/ml)
TNF-a (2.5 ng/ml)
TNF-a (17 ng/ml)
LP (10 U/mI)(LP = IL-l/TNF?)
PMA (3 x iO M)
TNF-a (510 nglml)
IL-I (0.5 U/mI)
PMA (3 g/ml)
C5b.9 (17 U/mI)
TNF-a (20 ng/ml)
IL-la (25 nglml)
4.0
21.6
—
5.7
2.2
21.3
<6.0
6.8
3.1
4.4
12,2
3.2
3.0
—
85.6
5.3
—
—
(10.7)
—
—
6.1
1.5
1.7
1341
[36)
[23]
[25]
[27]
[261
[35]
[5]
present study
a 02 determinations were performed with the cytochrome c assay; H202 was measured using scopoletin except for the number in parenthesis,
where p-hydroxyphenyl-acetate was used. Abbreviations are: LP, leukocytic pyrogen; sRBC, sheep erythrocytes; C5b9, terminal membrane attack
complex of complement.
animal models of acute glomerulonephritis [15—17]. Proteinuria,
decrease of glomerular filtration rate and morphological alter-
ations (endothelial cell damage, epithelial foot process fusion,
denuding of the GBM) were experimentally induced by phorbol
ester treatment, cobra venom factor infusion or anti-GBM
antibody infusion [17]. Recent observations have demonstrated
a glomerular damaging effect of TNF-a infusions in rabbits [39]
or a TNF-a induced enhancement of antibody mediated glomer-
ulonephritis in rats [40]. In various studies catalase infusion has
been shown to prevent glomerular injury [15, 17]. The same
beneficial effect in acute neutrophil-dependent kidney injury
was observed when animals were neutrophil depleted. The
authors concluded that neutrophils generating H202 were re-
sponsible for reduction in glomerular function [15].
The pro-inflammatory role of oxygen radicals has been
widely suggested [41—43]. They are able to degrade hyaluronic
acid and collagen in a chemical, non-enzymatic fashion [41],
and vice versa, altered GBM is capable of activating 02
formation by PMN [44]. Liberated "neo-antigens" may thus
serve as activating structures for autoimmune reactions. Oxy-
gen radicals render isolated GBM more available to enzymatic
digestion and in addition may directly activate collagenases and
inactivate a1-anti-trypsin, the major inhibitor of neutral protein-
ases in serum [17]. It has also been demonstrated that oxygen
radicals provoke the formation of chemotactic and cytotoxic
substances from lipids [42], affect prostaglandin production in a
concentration dependent manner [43], and cause significant
enhancement of platelet adherence to injured endothelial cells
1451. All of these suggest both direct and indirect roles for
oxygen radicals in pro-inflammatory reactions. The demonstra-
tion of biphasic effects of oxygen radicals on arachidonic acid
metabolism [43] and the recently described effect on fibroblast
growth [46] might, however, not necessarily be linked to
pathological conditions, but might instead fit into a network of
normal regulatory cellular responses to cytokine stimulation.
These present data demonstrate that HMC are capable of
generating physiologically significant quantities of oxygen rad-
icals in response to IL-la and TNF-a, which may be relevant to
both the normal, physiological responses of glomeruli to cytok-
ines and perhaps more importantly to the development of
glomerular damage in human glomerulonephntis.
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